A systematic study on neutron activation cross-section measurements in the energy from 20 MeV to 150 MeV has been performed over several years. For this study, we have developed the quasi-monoenergetic neutron fields using 7U(p,n) reaction at three AVF cyclotron facilities; 1) Institute for Nuclear Study, University of Tokyo for 20 to 40 MeV protons, 2) Takasaki Institute of Advanced Radiation Applications(TIARA) of Japan Atomic Energy Research Institute(JAERI) for 40 to 90 MeV protons, 3) Institute of Physical and Chemical Research(RIKEN) for 70 to 210 MeV protons. By using these neutron fields, we have measured the activation cross sections of 30Si(n,np), 47Ti(n,np), 48TI(n,np), 52Cr(n,2n), 58Ni(n,2n) in the energy range of 15 to 40 MeV, and of 12qn,2n), 59Co(n,xn) and (n,xnp), natCu(n,xn) and (n,xnp), 209Bi(n,xn) in the energy range of 15 to 80 or 150 MeV. We are now developing a new p-Li quasi-monoenergetic neutron field in the energy range of 20 to 90 MeV using a new AVF cyclotron installed in the Cyclotron and Radioisotope Center, Tohoku University, for measurements of neutron activation cross sections of light elements such as 0 and N which are included in air, water and soil.
I. Introduction
Neutron activation cross sections of energy above 20 Me V are strongly needed for the estimation of radioactivities induced in accelerator and shielding materials, and surrounding environment such as air, soil, drain and underground water for the safety design of intense neutron source facility. Nevertheless, these experimental data are still very limited in number due mainly to a very limited number of facilities having intense monoenergetic neutron fields at these energies and the calculation codes are not well verified in their accuracies. The only evaluated high-energy data file officially distributed is ENDF/B-VII) high-energy file. It includes neutronand proton-induced reaction data mainly up to 1 GeV just for 12C, 56Pe, 208Pb and 209m. These evaluated data are obtained on the basis of the experimental data of neutroninduced reactions below 20 MeV and proton-induced reactions over higher energy region. Recently, the evaluation of neutron-and proton-induced reaction cross sections up to 150 MeV has been reported using the MCNPX code. 2 ) We have recently developed quasi-monoenergetic neutron fields using the 7Li(p,n) reaction at three cyclotron facilities: 1) Institute for Nuclear Study (INS), University of Tokyo, for 20 to 40 MeV protons 3 ,4) 2) Takasaki Research Establishment (TIARA), Japan Atomic Energy Research Institute for 40 to 90 MeV protons S ) 3) Institute of Physical and Chemical Research (RIKEN) for 80 to 210 MeV protons. 6 ) By using these three neutron fields, we irradiated natural samples ofC, Co, Cu, Bi, and enriched samples of 30 Si, 47Ti, 48Ti, 5 2 Cr, 58Ni to measure the activation cross sections of these nuclides. From the obtained reaction rates and the monoen-* Corresponding author, Tel. +81-022-217-7805, Fax. +81-022-217-7908, E-mail: nakamura@cyric.tohoku.ac.jp ergetic peak neutron fluences during irradiation, we obtained cross section data to produce various radionuclides from these nuclides. These reactions whose cross sections were determined by this work have different threshold energies of 10 to 100 Me V and will be useful as high-energy neutron dosimetry reactions.
The measured activation cross sections by neutrons were compared with those to produce the same radionuclides by protons, in order to investigate the differences caused by the charge(Coulomb) effect.
ll. Experiment
The irradiation experiments were performed in the quasimonoenergetic neutron fields produced by the 7Li(p,n) reaction, which have been established at three cyclotron facilities of the AVF cyclotron at INS for 20 to 40 MeV, of the AVF cyclotron at TIARA for 40 to 90 Me V, and of the separatesector (ring) cyclotron at RIKEN for 80 to 150 MeV_ As the detailed descriptions of these p-Li neutron fields are given in Refs. [3] [4] [5] [6] , the outline of the fields is given here, together with the irradiation experiments.
The irradiation experiments between 20 and 40 Me V were performed at INS. The proton beams of 20, 25, 30, 35 and 40 MeV bombarded a 99.98% 7Li-enriched 2-mm-thick lithium target that was backed with 12mm-thick graphite to stop the proton beams passing through the target. The irradiation samples were placed only 10 cm away from the target in the forward direction, in order to get high neutron fluence and to depress the contribution of room-scattered neutrons because the INS neutron field has only a small space. 3 ,4) The irradiation experiments from 40 to 90 Me V were performed at TIARA. The proton beams of 43, 58, 68 and 88 MeV bombarded 3.60-, 4.70-, 5.20-and 6.75-mm thick 99 .98% 7Li-enriched lithium targets, respectively, which were fixed on a target chamber in the accelerator room. The protons that penetrated the target with a 2-MeV energy loss were bent down toward the beam dump by the clearing magnet. The neutrons produced at 0 deg can reach the experimental space through the 10. 9-cm-diam rotary shutter collimator which is installed into the 220 cm thick concrete wall between the accelerator room and the experimental room. The irradiation experiment was performed at 400 cm behind the lithium target by placing-the samples at the collimator exit.
The irradiation experiments from 80 to 150 MeV were performed at RUffiN. The H 2 + ion beams of 80, 90, 100, 110, 120, 135 and 150 MeV/nucleon energies were injected into the 10 mm thick 99.99% 7Li-enriched target. The protons that penetrated the target with a 3.7 to 2.3 MeV energy loss were transported to the beam stopper by the dipole bending magnet. The neutrons produced at 0 deg were extracted through the iron-concrete collimator of 22cm x 22cm aperture and is 120 cm long. The samples for irradiation were set at the exit of the collimator, which is 837 cm distance from the Li target.
After the irradiation, the gamma rays emitted by the irradiated samples were measured with a high purity HP-Ge detector by coupling with the 4096 multi-channel analyzer (MCA). These samples were counted several times to identify the halflives of the activities produced. The reaction rates of radioisotopes identified from the gamma-ray spectra and the decay curves were estimated after being corrected for the peak efficiency of the HP-Ge detector, the coincidence-summing effect, the self-absorption effect in thick samples, and also for the beam current fluctuation during sample irradiation. The reaction rate R is connected to neutron cross section O'(E) as follows,
where ¢(E) is the neutron fluence (n cm-2 Coulomb-1 ), Eth the threshold energy and Emax the maximum energy of the monoenergetic peak neutrons. The p-Li quasi-monoenergetic neutron fields used in this study has a dominant monoenergetic peak and the lower energy continuum. As a result, the cross section at the effective energy of peak neutrons O'(Eef f) can be obtained, after correcting the contribution of low-energy tail neutrons to the obtained reaction rate, as described in Refs. [4, 7, 8] .
The statistical errors of the gamma-ray peak counts of irradiated samples were between 0.4 to 43 %. The error of the peak detection efficiencies of the HP-Ge detector was estimated to be 4 %. The error of peak neutron fluence measured was 4 to 14 %. The error of the correction of the contribution to the reaction rate due to the low-energy neutron tail, was estimated to be 5 to 92 % at maximum by combining the neutron fluence error of 2 to 17 % (see Refs. [3] [4] [5] [6] ).
m. Results and Discussion
In this study, we obtained the 33 neutron activation cross section data as shown in Table 1 , and our experimental re-SUPPLEMENT 2, AUGUST 2002 1393 suIts are the first experimental data especially above 40 MeV. Among the obtained cross section data, the O'(Eef f) results of 12C(n,2n), 59Co(n,xn)(x=2,5) and 209Bi(n,xn)(x=3,12) are exemplified in Figs.l to 4 with the other published data, the ENDFIB-VI high energy file data I) calculated by Fukahori with the ALICE-F code,9) and the values calculated by Odano and IwasakilO) using the SINCROS-ll code system,u) The individual results and discussions for each reaction are described below.
12C(n,2n)llC Reaction
We obtained the cross section data in the neutron energy region of 20 to 150 MeV. As clearly seen in Fig.l , the existent cross section data below 40 Me V are clearly divided into two groups, high values by Anders et aI.
12
) and lower values by Brill et al. 13 ) Our data below 40Me V 4 ) agree with the lower values and our data above 40 Me V7) are smoothly connected to our data below 40 MeV in Fig. 1 , and have a constant value of about 20 mb, though there can be seen some discrepancy between results measured at TIARA and RIKEN. The ENDFIB-VI data I) which are evaluated according to the values of Anders et al. 12) are more than 50 % higher than ours below 40 Me V, however above 40 MeV the ENDFIB-VI data rapidly decrease with energy and give much lower values than our data. 2. 209Bi(n,xn)21O-XBi (x = 3,12) Reaction Figure 2 shows the cross section data of the 209Bi(n,xn) 21O-x Bi (x = 3,12) reactions. There exist no other experimental data, so only our measured results are compared with the ENDFIB-VI data. A remarkably good agreement between experiment and calculation can be seen as a whole for all reaction cross sections. Precisely speaking, however, our data above 80 Me V becomes larger than the ENDFIB-VI data for 209Bi(n,4n) to 209Bi(n,7n) reactions. For 209Bi(n,8n) reaction, our data give about 50% larger values than the ENDFIB-VI data, while on the contrary, for 209Bi(n,lln) reaction our data Figure 4 shows our experimental cross section results of the 59Co(n,3n), (n,4n) and (n,5n) reactions in the neutron energy region from 45 MeV to 85 MeV. Our 59Co(n,3n) cross section data 4 ,8) indicate a little fluctuation, but are in good agreement with the measured data by Veeser et al. 17 ) and also the calculated results by Odano. 10 ) The calculation 10) gives larger values than the experimental values for the 59Co(n,4n) reaction.
Iv. Comparison of Neutron-induced and Protoninduced Reaction Cross Section Data
The measured activation cross sections by neutrons were compared with those to produce the same radionuclides by protons, in order to investigate the differences caused by the charge(Coulomb) effect. Figures 5 to 7 show the compar- VI. Acknowledgments
